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Aside from a common gene organization shared with other picornaviruses, hepatitis A virus (HAV) is characterized by its
slow-growth phenotype, the inability to shut off host macromolecular synthesis, and, in general, lack of cytopathic (cp) effects
in permissive cell cultures. Nevertheless, several cp HAV strains have been isolated during the past decade. In FRhK-4 cells
infected with HM175/24a, a fast-growing cp strain, increasing amounts of viral RNA, detected by fluorescence in situ
hybridization, indicated viral RNA replication. An ultrastructural analysis of the infected cells revealed a tubular–vesicular
network in close proximity to the rough endoplasmic reticulum. Infection of the same cell type with a cell culture adapted (cc)
strain, HM175/P35, divulged membrane alterations indistinguishable from the network induced by the cp strain. The overall
appearance of the tubular–vesicular network resembles membrane alterations induced by other picornaviruses. However,
the shape of the vesicle-like structures is rather oblong and tubular and, thus, seems to be specific for HAV. By electron
microscopic immunocytochemistry (IEM), proteins 2B and 2C were found exclusively on the membranes of the network.
Proteins expressed from the open reading frame of the cc HAV variant or 2B proteins originating from HM175 cp, cc, or the
wt strain expressed in the absence of other HAV proteins induced membrane alterations resembling those seen in
HAV-infected cells. The induction of similar structures suggests that protein 2B is involved in the rearrangement of cellular
membranes. In all cases, IEM demonstrated that the 2B protein was closely associated with altered membranes. The extent
of membrane changes did not seem to increase for both the cp strain and the cc strain during the infectious cycle. Late in
the infection and shortly before the culture died off, a large number of cells infected with HM175/24a showed typical signs
of apoptosis, whereas the cc strain did not induce cell killing in the same type of cells. Therefore, we conclude that cell death
in HM175/24a-infected cells is induced by apoptosis rather than by cytopathology. © 2000 Academic Press
1INTRODUCTION
Hepatitis A virus (HAV) is the prototype virus of the
genus Hepatovirus within the family Picornaviridae (Mi-
nor, 1991). As for other picornaviruses, the single-
stranded RNA genome serves as a messenger for trans-
lation (Cohen et al., 1987b). VPg, a small virus-encoded
protein, is covalently linked to the 59 end of the genomic
RNA (Weitz et al., 1986) and the 39 end consists of a short
nontranslated region (NTR) that is polyadenylated (Tice-
hurst et al., 1983). A long 59 NTR involved in internal
initiation of protein synthesis (Glass et al., 1993; Brown et
al., 1994; Whetter et al., 1994) precedes a single, large
open reading frame translated into structural and non-
structural proteins (for reviews see Ticehurst et al., 1989;
Weitz and Siegl, 1993).
Aside from the enumerate features common to other
members of the family, HAV is remarkably distinct due to
extreme physical stability and its inability to shut off host
cell macromolecular synthesis (Scholz et al., 1989; Siegl
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15et al., 1981, 1984b). Although HAV has been adapted to
grow in cell culture (Provost and Hilleman, 1979), even
cell culture adapted (cc) HAV strains grow rather slowly
and are characterized by an asynchronous onset of rep-
lication in the infected cell culture (Harmon et al., 1989;
Cho and Ehrenfeld, 1991). Chimeric RNAs of HM175 wild
type (wt), where the P2 region had been replaced by the
cc counterpart and transfected in cultured cells, grow
more efficiently, suggesting that mutations in region P2
are necessary for more efficient replication (Emerson et
al., 1991, 1992). However, it still takes several days to
weeks to reach maximal accumulation of progeny virus,
which usually remains cell-associated and spreads to
adjacent cells by an unknown mechanism. As a conse-
quence yields of progeny virus rarely exceed titers of 107
TCID50/ml from mechanically lysed cells (Locarnini et al.,
981; Siegl et al., 1984a).
Most picornaviruses rapidly cause characteristic mor-
phological changes (cytopathic effect, CPE) in their host
cell, which are most extensively studied by using polio-
virus (PV). By light microscopy (Reissig et al., 1956), the
nucleus in PV-infected cells is found to become dis-
torted, the chromatin condenses, and a paranuclear
mass is formed in the center of the cell. These initial
changes are followed by cell rounding and shrinkage
0042-6822/00 $35.00
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158 GOSERT, EGGER, AND BIENZbefore the cells detach from the substrate. These obser-
vations were confirmed by electron microscopy (Dales et
al., 1965) and, in addition, the higher resolution power of
electron microscopes allowed the demonstration that the
paranuclear mass consists of membranous vesicles in
the cytoplasm. These vesicles increase in number until a
large part of the cytoplasm is involved (Bienz et al., 1980).
After HAV infection, the development of a CPE de-
pends on the HAV strain, the host cell line, and its
passage number (Cromeans et al., 1987, 1989; Lemon et
l., 1991). Most of the recently isolated so-called cyto-
athic (cp) strains of HAV were isolated from persistently
nfected cell cultures (Venuti et al., 1985; Anderson, 1987;
Nasser and Metcalf, 1987; Lemon et al., 1991). Cp strains,
compared to cc strains, are characterized by a shortened
lag phase of 6–12 h (Anderson, 1987; Nasser and Met-
calf, 1987; Cromeans et al., 1989) and maximal levels of
viral RNA synthesis can be observed as early as 24 h
postinfection (p.i.) (Anderson, 1987). Exponential produc-
tion of progeny virus continues up to 4 days p.i. However,
even fast-growing cp strains of HAV usually take several
days longer than, e.g., PV to complete destruction of the
infected culture. The molecular basis of the cp pheno-
type is still largely unknown. Nevertheless, placing
genomic regions originating from a cp strain into a cc
background demonstrated that the cp phenotype corre-
lates with viral replication capacity, suggesting interac-
tions between the 59 NTR and P2 proteins during HAV
replication (Zhang et al., 1995).
Wt and cc HAV strains seem to have little or no impact
on the morphology of the infected cell (Ticehurst et al.,
1989) and the effects of cp strains have not yet been
investigated in detail previously. Therefore, little is known
about intracellular membrane modifications induced by
HAV. Ultrastructural alterations described in cell cultures
infected with either cc or cp strains of HAV include
accumulation of multilayered membranes, clusters of
virus in vacuoles, and degenerative rough endoplasmic
reticulum (Asher et al., 1987; Kiernan et al., 1987; Tinari et
al., 1989).
HAV proteins 2BC and 2C, of cp, cc, and wt origin,
however, were found to induce crystalloid endoplasmic
reticulum upon overexpression in cultured cells in the
absence of other HAV proteins (Teterina et al., 1997). No
function has as yet been described for protein 2B of HAV,
which is more than twice the size of 2B proteins of other
members of the family Picornaviridae (Martin et al., 1995;
Gosert et al., 1996).
In FRhK-4 cells infected with a fast-growing cp HAV
variant, HM175/24a, progression of the infection resulted
in a gradual increase in the number of individual cells
positive for HAV RNA as demonstrated by fluorescence
in situ hybridization (FISH). This increase suggests that
not only the onset of cc strain replication, but also that of
HM175/24a, is asynchronous. For both strains, cp and
cc, we were able to demonstrate a characteristic, and forboth strains identical, membranous tubular–vesicular
network in the infected cell. During the infectious cycle,
the extent of membrane modifications stayed rather con-
stant. Shortly before the HM175/24a-infected cell culture
died off, we found that cells that were still attached to the
substrate as well as those floating in the culture medium
showed apoptosis, whereas cells from HM175/P35-in-
fected cultures did not. Thus, we conclude that cell death
induced by HM175/24a is related to apoptosis rather
than to cytopathology. The expression of the entire open
reading frame of HM175/P35, as well as protein 2B of cp,
cc, and the wt HAV strain in the absence of other HAV
proteins, evoked membrane changes closely resembling
those induced by infection with HAV. In all cases, protein
2B was associated with the changed membranes, sug-
gesting a causative role of protein 2B in the observed
membrane alteration.
RESULTS
Cell culture adapted HAV strains grow without any
visible cytopathic effect and demonstrate an asynchro-
nous replication in cultured cells (Harmon et al., 1989;
Cho and Ehrenfeld, 1991). On the other hand, cp HAV
strains are characterized by a shortened replication cy-
cle and induction of cell death (Anderson, 1987; Nasser
and Metcalf, 1987; Cromeans et al., 1989). According to
those differences, we hypothesized that growth of a cp
strain, HM175/24a, in cell culture could have an impact
on cell morphology. We sought to determine what ultra-
structural changes would be related to the cp phenotype
and whether an infection of the same type of cells with a
cc strain, HM175/P35, would induce different structures.
Finally, we wanted to know whether HAV induces mem-
brane alterations comparable to membrane changes
found in other picornavirus infections.
Infection of cell cultures with different strains of HAV.
An increase of the amount of RNA in cells infected with
HM175/24a over time would unequivocally demonstrate
virus replication. Therefore we performed FISH to visu-
alize plus-strand RNA in HAV-infected FRhK-4 cells.
By using a directly FITC-labeled RNA probe (nt 744 to
6998) of minus polarity on cells infected with HM175/24a
at 1 TCID50 per cell, HAV-specific RNA was detectable in
few single cells as small spots in the cytoplasm as
arly as 24 h p.i. (Fig. 1a). In cell cultures infected with
00 TCID50 per cell, again only a small number of single
cells were positive for HAV RNA (data not shown). This
observation points to an asynchronous onset of replica-
tion for the cp strain. The number of positive cells in-
creased over time and at 6 days p.i., plus-strand RNA
accumulated in irregularly shaped granules of variable
size in virtually all of the cells (Fig. 1b). By infecting the
same type of cells with HM175/P35 at 1 or 10 radioim-
munofocus-forming units (RFU) per cell, again, we found
single cells positive for HAV-specific RNA, corroborating
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159MEMBRANE REARRANGEMENTS AND CELL KILLING BY HAVearlier results (Harmon et al., 1989; Cho and Ehrenfeld,
991). Late in the infection, FISH experiments performed
ith the two different HAV strains indicated that all cells
ere infected. For both strains, RNA accumulated to
imilar levels; however, it was delayed for the cc strain
ompared to the cp strain. To test for specificity, two
nrelated RNA probes, specific for PV type 1, Mahoney
nd HSV-1, generating strong fluorescence signals on
V- or HSV-1-infected cells, respectively, showed only
ackground fluorescence if used on HAV-infected
RhK-4 cells (data not shown). At 3 days p.i., using a
abbit anti-2B serum, immunofluorescence studies dem-
nstrated for both strains an identical distribution and
qual amounts of protein 2B in the cytoplasm of the cells
unpublished data).
In conclusion, HAV-specific RNA was found to in-
rease in amount in infected FRhK-4 cells and in an
ncreasing number of cells during the infectious cycle as
emonstrated by FISH. This points to a replication of the
p strain proceeding asynchronously in FRhK-4 cell cul-
ures.
Cell killing in HM175/24a-infected cells. Late in the
nfection, ultrastructural analysis revealed cells with typ-
cal signs of apoptosis (Fesus et al., 1991; Collins and
opez Rivas, 1993; Tolskaya et al., 1995); i.e., there were
ounded cells where the nuclear membrane was de-
troyed, and the chromatin was fragmented and ap-
eared as compact areas in the cytoplasm (Fig. 2a)
ompared to mock-infected cells (Fig. 2b). As shown in
ig. 2c, the presence of apoptotic cells was also evident
n preparations of HAV-infected cells grown on cover-
lips and stained with the Hoechst 33342 fluorescent dye
Tolskaya et al., 1995; Agol et al., 1998). We found in-
reasing numbers of apoptotic cells over time and, at 8
ays p.i., more than 30% of the cell monolayer showed
poptotic features. Since at 8 days p.i., 70–80% of the
ells became gradually detached from the coverslip, we
lso tested the cells floating in the culture medium for
FIG. 1. Detection of viral RNA in HM175/24a-infected FRhK-4 cells
FITC-labeled riboprobe of minus polarity corresponding to nt 744–6998 a
Bars, 10 mm.poptosis. We found that essentially all of the floating
ells were apoptotic (data not shown). The total percent-
(
ige of apoptitic cells per culture was found to be be-
ween 77 and 87% compared to mock-infected cell cul-
ures processed in parallel. The number of apoptotic
ells, starting to appear at 4 days p.i., increased at the
ame rate as the number of cells showing HAV-specific
NA by FISH 3 days earlier (see above). We neither
bserved any signs of picornavirus-like CPE nor ob-
erved other morphological alterations by light micros-
opy. FRhK-4 cells infected with HM175/P35 and main-
ained for 4 weeks or mock-infected cell cultures grown
n parallel and identically treated did not show signs of
poptosis (data not shown), confirming previous results
Brack et al., 1998).
In conclusion, increasing numbers of apoptotic cells
ound during the progression of the infectious cycle sug-
est that cell death in HM175/24a-infected cells is re-
ated to apoptosis rather than to cytopathology.
Ultrastructure of HAV-infected cells. We reasoned that
etween the early events, i.e., onset of RNA replication,
nd death of the cultured cells, late in the infection,
hanges at the ultrastructural level may occur in HM175/
4a-infected cells.
At 3–9 days p.i., infected cells were harvested and
xamined by electron microscopy (EM). The cells
howed membranous clusters often present in close
roximity to the rough endoplasmic reticulum (rER), mi-
ochondria, and the nucleus (Fig. 3a). The vesicles of
uch clusters were mostly of oblong, tubular shape and
he vesicle membranes were found in close contact with
ne another, thus forming a tubular–vesicular network
Fig. 3b). The nucleus, the rER, and the Golgi complex of
he infected cells were found to be morphologically intact
ompared to mock-infected cells (Fig. 2b). Cells har-
ested at 3 and 9 days p.i. revealed that the size and
hape of the vesicles remained rather constant through-
ut the replication cycle (data not shown).
Previously, it was found that cc strains of HAV have
nly little impact on the morphology of infected cells
orescence in situ hybridization. Plus-strand RNA is visualized by a
.i. (a) and 6 days p.i. (b). The nuclei of the cells are indicated by arrows.by fluAsher et al., 1987; Kiernan et al., 1987). Since in cells
nfected with the fast-growing HM175/24a strain we
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160 GOSERT, EGGER, AND BIENZfound membrane changes manifested as a tubular–ve-
sicular network, we rationalized that a comparison of the
cp strain with cc strain HM175/P35 on the ultrastructural
level would allow us to determine similarities or basic
differences in the life cycle of distinct HAV strains.
FRhK-4 cells, infected with HM175/P35, were harvested
and examined by EM. The cells showed membranous
clusters present in close proximity to the rER and the
nucleus. As shown in detail in Fig. 3c, the elliptical,
tubular vesicles were found in close contact with one
another, forming a tubular–vesicular network that is mor-
phologically indistinguishable from the network found in
cells infected by the fast-growing HM175/24a strain
(compare Figs. 3b and 3c).
In conclusion, infection of FRhK-4 cells with both the
cp and the cc strains of HAV resulted in the appearance
of an identical tubular–vesicular network in the cyto-
plasm of the cells, suggesting that the induction of this
virus-induced membranous structure cannot explain the
mechanism of cell killing of HM175/24a in cell culture.
Altered membranes in HAV-infected cells. For PV, the
P2 proteins 2B and 2C and the precursor 2BC are known
to be markers for virus-induced membranes (Bienz et al.,
987, 1990). Recently, it was shown that 2BC and 2C of
AV overexpressed in eukaryotic cells, in the absence of
ther HAV proteins, induce crystalloid endoplasmic re-
FIG. 2. Induction of apoptosis in HM175/24a-infected FRhK-4 cells. (a
of the nuclear membrane and fragmentation of the chromatin (C). The ce
(b) Mock-infected cell, showing the nucleus (N) containing chromatin s
shown by Hoechst 33342 staining. Apoptotic cells contain intensely staiculum, which is quite different from the tubular–vesicu-
ar network described in this report (Teterina et al., 1997).To test whether HAV P2 proteins were present on the
HAV-induced tubular–vesicular network, immunocyto-
chemistry EM (IEM) was performed using rabbit anti-2B
and anti-2C sera.
As shown at low magnification in Fig. 4a, the anti-2B
serum labeled exclusively the tubular–vesicular network.
At higher magnification, the label was clearly found on
the altered membranes (Fig. 4b), suggesting an active
participation of protein 2B sequences in the structural
rearrangements. We also found specific labeling of the
tubular–vesicular network using the anti-2C serum (Fig.
4b, inset). These data indicate that both proteins 2B and
2C or a putative precursor 2BC is associated with the
tubular–vesicular network in vivo.
Expression of the HAV polyprotein induces membrane
rearrangements. We wanted to know whether all ex-
pressed cc HAV proteins, in the absence of RNA repli-
cation, induce membrane changes similar to those seen
during infection with HM175/P35. As previously shown,
the polyprotein of this strain, expressed by vaccinia virus
recombinant vRGORF, demonstrated a cleavage pattern
similar to the processing seen in HAV-infected MRC-5
cells, illustrating authentic processing of the polyprotein
in the vaccinia system (Gosert et al., 1996, 1997). FRhK-4
and HeLa cells were simultaneously infected with both
vRGORF and vTF7-3, harvested at 16 h p.i., and examined
ron micrograph of a rounded, apoptotic cell demonstrating destruction
ins a HAV-induced tubular–vesicular network (arrowheads). Bar, 2 mm.
ed by an intact nuclear membrane. Bar, 1 mm. (c) Nuclear morphology
romatin fragments (left). Nuclei from unaffected cells (right). Bar, 5 mm.) Elect
ll contaby EM.
Irrespective of the cell line used, membranous struc-
ferent s
a ble stru
161MEMBRANE REARRANGEMENTS AND CELL KILLING BY HAVtures were found in the cytoplasm of the cells resembling
the tubular–vesicular network seen in the HAV-infected
FIG. 3. Electron micrographs of FRhK-4 cells infected with two diffe
network in the cytoplasm (arrowheads). The network is found closely as
and mitochondria (M). Bar, 0.5 mm. (b) At higher magnification, the dif
nother, resulting in a tubular–vesicular network. (c) An indistinguishacells (Fig. 5; compare Figs. 3a and 5). Again, the mem-
branous structures were found in close proximity to theER and, less frequently, in proximity to mitochondrial
membranes. At higher magnification, small areas of
AV strains. (a) HM175/24a-infected cells showing a tubular–vesicular
d with membranes of the endoplasmic reticulum (ER), the nucleus (N),
ized vesicles of oblong, tubular shape are in close contact with one
cture was found in HM175/P35-infected cells. (b and c) Bars, 0.2 mm.rent H
sociatedense crystalloid ER (cER) (Chin et al., 1982; Teterina et
al., 1997) appeared to be in close contact with the tubu-
to the
etwork
162 GOSERT, EGGER, AND BIENZlar–vesicular structures. Nevertheless, ER was still
present in the cells and occasionally Golgi stacks were
found (data not shown). In contrast, simultaneously pro-
cessed vTF7-3-infected cells were negative for membra-
nous alterations in the cytoplasm (data not shown).
FIG. 4. IEM pictures of FRhK-4 cells infected with HM175/24a. (a) T
located exclusively on the tubular–vesicular network (arrowheads) close
are found to be associated with membranes of the tubular–vesicular n
FIG. 5. Expression of the open reading frame of HM175/P35 in HeLa
cells at 16 h p.i. The electron micrograph shows tubular–vesicular
structures in the cytoplasm resembling the tubular–vesicular network
found in HAV-infected cells. Bar, 0.5 mm.These experiments show that a tubular–vesicular net-
work was induced by the cc HAV polyprotein expressed
in the absence of RNA replication.
Expression of HAV protein 2B induces membrane al-
terations. The membrane alterations in HAV-infected
cells described in this report are different from the mem-
brane changes induced by proteins 2BC and 2C ex-
pressed in the T7–vaccinia system (Teterina et al., 1997).
Therefore, we wanted to know whether protein 2B, ex-
pressed in the absence of other HAV proteins, could
induce membrane changes comparable to the tubular–
vesicular network seen in HAV-infected FRhK-4 cells.
Plasmid DNA of expression vectors, containing the 2B
coding region of HM175/24a (pTMFlag2Bcp), cc variant
P35 (pTMFlag2Bcc), or HM175 wild-type (pTMFlag2Bwt),
were transfected into FRhK-4 and HeLa cells, simulta-
neously infected with vaccinia virus recombinant vTF7-3,
and harvested at 16 h posttransfection (pt). Cytospin
preparations, analyzed by IF using the anti-2B serum,
showed that 60–90% of the cells were positive for 2B. For
both cell lines, the appearance and distribution of the
fluorescence signal were virtually the same for all three
2B proteins (data not shown).
HeLa cells, transfected with the different 2B plasmid
DNAs, were harvested and were examined by EM. In
cells expressing 2Bcp, 16 h pt, the ER and the Golgi
complex disappeared. Instead, tubular–vesicular struc-
tures were found in the cytoplasm (Figs. 6a and 6b).
Expression of protein 2Bcc (Fig. 6c) and 2Bwt (data not
shown) induced tubular–vesicular structures that resem-
cificity of the label is shown at low magnification. Viral protein 2B is
nucleus (N). (b) At higher magnification, both proteins 2B and 2C (inset)
. Bars, 0.5 mm.he spebled closely the membrane alterations seen for protein
2Bcp (compare Figs. 6b and 6c). In addition, we found
w
t
t
c
p
p
rger am
ith the
163MEMBRANE REARRANGEMENTS AND CELL KILLING BY HAVlarge vacuoles and extended areas of cER in close con-
tact with the tubular–vesicular structures (Fig. 6c). Ex-
pression of 2Bcp resulted in vacuoles smaller in size and
tubular–vesicular structures were found more often than
cER compared to cells expressing 2Bcc and 2Bwt. vTF7-
3-infected and mock-transfected cells, processed in a
similar way, were devoid of these structural changes
(data not shown).
IEM, with the anti-2B serum, demonstrated the same
exclusive association of all three 2B proteins with mem-
branes as shown for 2Bcp in Fig. 6d. The tubular–vesicu-
lar network, different sized vacuoles, and the cER were
specifically labeled. These structures were not uniformly
labeled but the label was concentrated at the contact
sites of vesicles.
In conclusion, expression of all three 2B proteins (cp,
FIG. 6. Expression of 2B proteins in transfected HeLa cells at 16 h
vacuoles (V). As shown at low magnification, the nucleus (N) stays int
newly induced membranes aggregate in an area adjacent to the nucl
(some are marked by arrowheads) resemble the tubular–vesicular netw
similar to those in (b). In addition, the expression of 2Bcc resulted in la
demonstrating that protein 2Bcp is exclusively found in association wcc, and wt) resulted in membrane alterations comparable
to those seen in cells expressing the polyprotein of HAV
e
din the absence of RNA replication or in HAV-infected
cells. In all cases, a tubular–vesicular network was found
as a major membrane alteration. IEM demonstrated the
close association of protein 2B with the altered mem-
branes.
Membrane association of protein 2B in vitro. Our ex-
periments have shown that both 2B and 2C and(or) a
putative precursor, 2BC, are associated with the tubular–
vesicular network in vivo. We wanted to elucidate
hether protein 2B also has membrane binding capaci-
ies in vitro.
Protein 2B of the cp strain was obtained by in vitro
ranslation (IVT) in the presence or in the absence of
anine microsomal membranes. To distinguish between
ossible protein aggregates and truly membrane-bound
rotein, the IVT reactions were run over sucrose gradi-
Protein 2Bcp induces tubular–vesicular structures and variably sized
the endoplasmic reticulum and the Golgi complex disappeared. The
r, 2 mm. (b) At higher magnification, the tubular–vesicular structures
nd in HAV-infected cells. (c) 2Bcc induced tubular–vesicular structures
ounts of compact structures identified as crystalloid ER (cER). (d) IEM
altered membranes. (b–d) Bars, 0.5 mm.pt. (a)
act but
eus. Ba
ork founts, harvested, immunoprecipitated, and analyzed as
escribed under Materials and Methods. As shown in
1
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164 GOSERT, EGGER, AND BIENZFig. 7, in the presence of microsomal membranes almost
85% of the radioactivity was found in the high-sucrose
fractions compared to approximately 5% in the absence
of microsomal membranes. Analysis of protein 2B of the
cc strain resulted in a comparable distribution. As con-
trols, we included integral membrane protein cyto-
chrome b5 (Fig. 7) and the non-membrane-associated
protein human b-globin (data not shown) (Towner et al.,
996). These data show that protein 2B of HAV binds to
icrosomal membranes in the absence of other HAV
roteins.
DISCUSSION
FRhK-4 cells were infected with HM175/24a, a cp HAV
train, at an m.o.i. of 1 or 100 TCID50. At either m.o.i., only
a few single cells were positive for HAV-specific RNA
(Fig. 1a) and protein 2B (data not shown) at 24 h p.i. The
increase in the number of cells positive for RNA as well
as protein 2B during the progression of the infection
demonstrates an asynchronous onset of replication in
the infected culture. This was unexpected since HM175/
24a has been selected for faster replication in cell cul-
ture (Lemon et al., 1991). Nevertheless, our data are
consistent with previous findings using cc HAV strains,
suggesting that a slow recruitment of infected cells into
a replication-competent mode rather than a slow inher-
ent virus production is responsible for the protracted
replication cycle of HAV (Harmon et al., 1989; Cho and
FIG. 7. Protein 2B of HAV binds to microsomal membranes in vitro.
Protein 2B translated in vitro, in the presence or in the absence of
microsomal membranes, was subjected to rate zonal sucrose density
gradient centrifugation. The fractions were collected from the top of the
gradient; d: sucrose density in g/cm3. The radioactivity found in indi-
vidual fractions of the gradients is given as a percentage of total
radioactivity in the gradient. In the presence of microsomal membranes
(shown in black), more than 85% of protein 2B was found in fraction 9.
Cytochrome b5 was found in the same fraction as indicated by an
arrow. In the absence of microsomal membranes (shown in white), the
majority of protein 2B banded in fraction 4, at low sucrose density.Ehrenfeld, 1991).
At the ultrastructural level, the infection with HM175/24a gave rise to membrane alterations in the cytoplasm
of FRhK-4 cells. Interestingly, a morphologically indistin-
guishable structure was found after infection of the same
cell type with a cc strain, HM175/P35. The membrane
alterations induced by both cp and cc HAV infection
appeared as tightly interwoven structures forming a tu-
bular–vesicular network (Fig. 3). The tubular shape of the
vesicles results in a structure that is more compact than
the vesicle clusters induced by other picornaviruses
(Bienz et al., 1980). Structures comparable to the tubular–
vesicular network in HAV-infected cells were also in-
duced in the absence of RNA replication by expression
of the HAV open reading frame (ORF) of the cc strain or
by expression of protein 2B (cp, cc, wt) alone (compare
Figs. 5 and 6 to Fig. 3). Therefore, we conclude that
protein 2B rather than a putative precursor 2BC plays an
essential role in membrane reorganization during HAV
replication.
The view that the protein precursor 2BC is not involved
in membrane reorganization during HAV replication is
supported by several observations. The larger size of
HAV protein 2B (Martin et al., 1995; Gosert et al., 1996)
compared to corresponding regions of other picornavi-
ruses indicates that HAV 2B could represent a multido-
main protein capable of executing on its own several
crucial functions during the life cycle of HAV. More im-
portant, upon expression of the ORF of the cc HAV
variant, significant amounts of protein 2B could be iden-
tified by immunoprecipitation, but a precursor peptide
2BC was detectable neither after pulse–chase (Gosert et
al., 1996) nor after continuous labeling of HAV proteins
(unpublished data). This observation is supported by
findings of Jewell et al. (1992). Using synthetic peptides,
the authors identified the 2C/3A and 2B/2C junctions as
the most efficiently used cleavage sites within the HAV
polyprotein. The efficient processing of the latter cleav-
age site by protease 3C or precursors of 3C has been
confirmed using the T7–vaccinia system (Jecht et al.,
1998). Taken together, these findings suggest that pro-
tein 2BC of HAV is not a stable precursor. Protein 2BC of
PV, expressed in the absence of other viral proteins,
induced vesicles very similar to those found in PV-in-
fected cells (Cho et al., 1994). In contrast, expression of
protein 2BC of HAV in cell culture induced mainly mem-
brane alterations that were different from the tubular–
vesicular network found in HAV-infected cells and were
identified as cER (Teterina et al., 1997; Chin et al., 1982).
However, cER was not found in HAV-infected FRhK-4
cells.
The P2 proteins of PV were found to be associated
exclusively with virus-induced membranes and, thus,
serve as markers for RNA replication (Bienz et al., 1987,
1990; Bolten et al., 1998). For HAV, as shown by immu-
nofluorescence (IF), protein 2B appeared as rather large
distinct spots in the cytoplasm of the cells (unpublished
data). Consistent with this result, IEM of infected cells
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165MEMBRANE REARRANGEMENTS AND CELL KILLING BY HAVand of cells expressing 2B demonstrated that 2B colo-
calized with the tubular–vesicular network (see Figs. 4
and 6d). Thus, we conclude that the structures identified
by IF with anti-2B antiserum correspond to the tubular–
vesicular network defined by EM. At present, however,
we do not know whether RNA replication of HAV takes
place at the tubular–vesicular structures.
A report by Towner et al. (1996) described an in vitro
membrane association assay to test for membrane bind-
ing of PV protein 3AB. Employing this assay, we could
demonstrate that protein 2B of HAV associates with ca-
nine microsomal membranes (Fig. 7). Currently, we do
not know the mode of interaction between protein 2B and
membranes but recent results suggest a peripheral as-
sociation (Jecht et al., 1998). Congruous with the previous
finding, computer-aided analysis indicates that the
C-terminal part of protein 2B (i) contains a hydrophobic
stretch and (ii) has the potential to form an amphipathic
helix (unpublished data). These features compare well
with earlier reports that identified a hydrophobic stretch
as well as an amphipathic helix in protein 2B of coxsackie-
virus B3 (van Kuppeveld et al., 1995, 1996).
In general, the outcome of a productive PV infection is
a CPE involving both the cytoplasm and the nucleus
(Dales et al., 1965; Bienz et al., 1983). However, under
onditions in which viral reproduction is restricted, PV
nfection can result in apoptosis (Tolskaya et al., 1995;
gol et al., 1998). Very recently, an apoptosis-inducing
otential has been demonstrated for a so-called cp strain
f HAV (Brack et al., 1998). We found that the infection of
ermissive cell cultures with HM175/24a did not induce
CPE; instead, we observed only limited membrane
lterations. Nevertheless, increasing numbers of apopto-
ic cells during the progression of the infectious cycle
uggest that cell death in HM175/24a-infected cells is
elated to apoptosis rather than to cytopathology. Apop-
osis started to occur at 4 days p.i., and the number of
poptotic cells increased at the same rate as the number
f cells positive for HAV-specific RNA identified by FISH
t the beginning of infection. This observation indicates
hat a time period of approximately 72 h is necessary
rom the beginning of RNA replication to the onset of
poptosis. Thus, the asynchronous onset of RNA repli-
ation is mirrored in the asynchronous induction of cell
uicide.
By this time, we do not know whether the induction of
poptosis by HM175/24a virus is related to the loss of a
actor(s) present in wt and cc strains and preventing
poptosis or to the acquisition of a factor(s) by the cp
train inducing apoptosis. However, the induction of a
ubular–vesicular network seems not to be the cause of
poptosis induction since a network was found in both
he cp and the cc strains (Fig. 3). On the other side, since
he expression of the ORF or protein 2B was done in the
resence of vaccinia virus, we cannot strictly test for an
poptosis-inducing potential intrinsic to individual HAVroteins because it has been shown that vaccinia virus
an block certain pathways of apoptosis (Gillet and Brun,
996; Smith et al., 1997).
Upon HAV infection, cp and cc strains induce an iden-
ical tubular–vesicular network in the infected cell. The
imensions of the network stayed rather constant and
ore extended membrane alterations were never found
uring the replication cycle. Therefore, it seems that a
idespread membrane proliferation does not occur in
AV-infected cells and vesicle formation is arrested at an
arly stage in the replication cycle. The data could be
nterpreted that during HAV infection extended vesicle
roliferation is prevented in comparison to other picor-
aviruses (Dales et al., 1965; Bienz et al., 1980). As a
esult, our HAV strains do not induce cell death by CPE
nd consequently, the destruction of the host cell ob-
erved after HM175/24a infection is due to apoptosis.
his situation is comparable to a PV infection under
estricted growth conditions leading to apoptosis as well
Tolskaya et al., 1995). The limited membrane changes in
HAV-infected cells might be the reason for restricted viral
growth of this virus. At present, we do not know the
nature of this restriction, and neither do we know
whether subtle differences in the tubular–vesicular net-
work can account for the more efficient replication of
strain HM175/24a.
In conclusion, we have found that protein 2B of HM175
(wt, cc, and cp) expressed alone or in the context of other
cc HAV proteins but in the absence of RNA replication,
induces membrane alterations very similar to the tubu-
lar–vesicular network evolved from FRhK-4 cells either
infected by a cp (HM175/24a) or a cc (HM175/P35) HAV
strain. In all cases, protein 2B is closely associated with
the altered membranes. Whether, in analogy to PV infec-
tion, these membranes are associated with viral RNA
replication in HAV-infected cells is currently under inves-
tigation. Finally, in FRhK-4 cell cultures infected with
HM175/24a, despite the designation as a cp strain of
HAV, cell death is related to apoptosis rather than cyto-
pathology.
MATERIALS AND METHODS
Viruses and cells. HM175/24a virus (Lemon et al.,
1991) was kindly provided by Dr. Suzanne Emerson.
HM175/P35 virus was recovered from BS-C-1 cell cul-
tures transfected with full-length HAV RNA by the DEAE–
dextran method as described (Cohen et al., 1987a). In-
fected cells were harvested by trypsinization and virus
was released by repeated freezing and thawing. Vaccinia
virus recombinants vTF7-3 and vRGORF have been de-
scribed elsewhere (Fuerst et al., 1986; Gosert et al.,
1996). HeLa cells were grown in minimum essential
medium (MEM, Earl’s salts) containing 10% fetal bovine
serum (FBS). FRhK-4 cells, obtained from Dr. Stanley
s
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166 GOSERT, EGGER, AND BIENZLemon, were propagated in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% FBS.
Propagation of HAV strains HM175/24a and HM175/
P35 in FRhK-4 cells. Cell lysates from infected cells were
onicated at 0°C for 10 s and centrifuged at 2000 g for 5
in to remove cell debris. This resulted in a significantly
ower phagocytosis activity of the FRhK-4 cells and, con-
equently, facilitated a more accurate interpretation of
he EM images. Confluent FRhK-4 cell monolayers were
nfected with strain HM175/24a (virus stock 107 TCID50
per milliliter) at a m.o.i. of approximately 1 and 100 TCID50
or for HM175/P35 (virus stock 1.5 3 107 RFU/ml) 1 and 10
FU per cell, respectively, and incubated at 34.5°C in a
O2 atmosphere for 3–4 h with rocking during the first
our every 15 min. Then, the inoculum was replaced by
MEM containing 10% FBS and cells were incubated as
bove. For indirect immunofluorescence, fluorescence in
itu hybridization, and DNA staining the day before har-
est, cells were trypsinized, resuspended in DMEM con-
aining 10% FBS, and seeded into 35-mm culture dishes
ontaining 10- or 15-mm-diameter glass coverslips.
DNA staining. Cells grown on coverslips were fixed in
ethanol:acetic acid (3:1) for 5 min, incubated in the
ame fresh solution for an additional 10 min, and air-
ried. To stain the DNA, the fluorescent dye Hoechst
3342 (Sigma, Buchs, Switzerland) was used at a final
oncentration of 5 mg/ml in PBS for 30 min (Agol et al.,
1998), after which the cells were rinsed with distilled
H2O, mounted in McIlvaine buffer (100 mM citric acid,
00 mM Na2HPO4 z 2H2O), and viewed with an epifluo-
rescence microscope (Leitz).
Plasmids. Restriction endonucleases, ligase, and Taq
polymerase were purchased from either Boehringer
(Mannheim, Germany) or New England Biolabs (Beverly,
MA). Subcloning was performed according to standard
protocols (Sambrook et al., 1989). HAV cDNAs corre-
sponding to nt 3243–3995 (nucleotide numbering accord-
ing to Cohen et al. (1989)) were amplified by PCR from
pTM-2BC(wt), pTM-2BC(cc), and pTM-2BC(cp) (Teterina
et al., 1997). Plasmids containing the 2BC coding se-
quence originated from different HAV strains as de-
scribed in Teterina et al. (1997). The sense primer 1, 59
TTTTCCATGGCCGACTACAAGGACGACGACGACAAG-
GCCAAAATTTCTCTTTTT, was designed to create a
NcoI site (underlined) immediately upstream of a Flag
consensus sequence (italics) and the beginning of the
2B coding sequence (boldface type). The antisense
primer 3, 59 TTTTCTCGAGCTACTGAGTCCTTAACTC,
was designed to introduce a stop codon followed by an
XhoI site (underlined) at the end of the 2B coding se-
quence (boldface type). The 2B coding sequence of the
HM175/24a strain was amplified using sense primer 2,
59 TTTTCCATGGCCGACTACAAGGACGACGACGAC-
AAGGCCAATATTTCTCTTTTT, and antisense primer 3.
The amplification consisted of 30 cycles of denaturation
at 94°C for 30 s, annealing at 45°C for 30 s, and elon-gation at 72°C for 45 s in the presence of Taq polymer-
ase. The resulting fragments were cut with restriction
endonucleases NcoI and XhoI, gel-purified, and inserted
into plasmid pTM-1 (Moss et al., 1990) cut with the same
nzymes to produce pTMFlag2Bwt, pTMFlag2Bcc, and
TMFlag2Bcp, respectively. The expression vectors were
esigned in such a way that the 2B coding sequence
as preceded by a T7 promoter consensus sequence
nd an encephalomyocarditis virus internal ribosome
ntry site.
Expression of the HAV open reading frame by the
accinia virus recombinant vRGORF. Confluent FRhK-4 or
eLa cell monolayers were simultaneously infected with
TF7-3 and vRGORF (Gosert et al., 1996) at a m.o.i. of 10
PFU per cell in a volume of 0.5 ml MEM before the cell
monolayers were applied at 37°C for 1 h with rocking
every 15 min. The inoculum was replaced by 2 ml of
MEM containing 10% FBS. Cells were incubated at 37°C
for 15–16 h, harvested, and fixed for IF or EM analysis.
Expression of HAV 2B proteins in HeLa cells. The
transient expression system, described by Fuerst et al.
(1986), was used. HeLa cell monolayers were trans-
fected with 5–10 mg plasmid DNA using Lipofectin
(Gibco BRL, Grand Island, NY) and were simultaneously
infected with vaccinia virus recombinant vTF7-3 as de-
scribed elsewhere (Teterina et al., 1997). Cells were
incubated at 37°C for 15–16 h, harvested, and fixed for IF,
EM, or IEM analysis.
Membrane binding assay for HAV 2B proteins. Prior to
RNA transcription, pTMFlag2B plasmid DNAs were lin-
earized with SalI, phenol/CHCl3 extracted, and EtOH pre-
cipitated. Transcription reactions (50 ml) containing 1 mg
of DNA template were carried out at 37°C for 90 min in
the presence of T7 RNA polymerase according to the
protocol of the manufacturer (Boehringer). DNA template
was digested by DNase I (Boehringer) (1 u/ml) at 37°C for
30 min, and the RNA was phenol/CHCl3 extracted and
tOH precipitated. Translation reactions (50 ml) were
essentially done as described by the manufacturer (Pro-
mega, Madison, WI) and contained precentrifuged rabbit
reticulocyte lysate, 1 mg of transcribed RNA, 4 ml 35S-
translabel (.1000 Ci/mmol, Amersham, UK) in the pres-
ence of 3.6 ml of canine microsomal membranes or an
equivalent volume of microsomal storage buffer (Pro-
mega). The translation reactions were allowed to pro-
ceed at 30°C for 1 h. To separate membrane-bound 2B
proteins from unbound protein, the translation reaction
mixtures were subjected to equilibrium centrifugation in
high-density sucrose gradients as described (Caliguiri
and Tamm, 1970) with volumes scaled down proportion-
ately to fit on a 0.7-ml gradient (total volume). Gradient
composition and centrifugation conditions were as de-
scribed elsewhere (Towner et al., 1996). Immunoprecipi-
tations were done according to Pfister et al. (1995) using
sheep anti-mouse antibody-coated magnetic beads (M
280, Dynal, Norway) and monoclonal anti-Flag antibody
A167MEMBRANE REARRANGEMENTS AND CELL KILLING BY HAV(Sigma). The immunoprecipitated proteins were sub-
jected to SDS–PAGE, visualized by autoradiography, and
quantitated by PhosphorImager analysis (Molecular Dy-
namics, Sunnyvale, CA).
Cytospin preparations. To verify expression efficien-
cies, cells were harvested by trypsinization and aliquots
were spun directly onto glass slides using a Cytospin 2
centrifuge (Shandon, Pittsburgh, PA).
Indirect immunofluorescence microscopy. Cell fixation
and permeabilization were done with 4% paraformalde-
hyde and 0.3% Triton. IF was carried out on fixed cells
incubated with rabbit-2B polyclonal antiserum (Gosert et
al., 1996) diluted 1:400, at 37°C for 30 min, washed twice
with PBS at room temperature for 5 min, and incubated
with Texas red-conjugated goat anti-rabbit IgG (Molecu-
lar Probes, Eugene, OR), diluted 1:200, followed by two
washes in PBS at room temperature for 5 min. Controls
included identically treated mock-infected cells.
Fluorescence in situ hybridization. Fixation and perme-
abilization of the cells were the same as for indirect IF.
For RNA detection, a riboprobe of minus polarity was
prepared from a pHAV/7 XbaI–XhoI DNA fragment having
the T7 promoter consensus sequence added during
PCR. The probe, nt 744–6998, was directly labeled with
FITC–UTP (Boehringer) during in vitro transcription and
subjected to alkaline hydrolysis (Cox et al., 1984; Egger
et al., 1999) to generate fragments of approximately 100
nt in length to ensure good penetration of the probe.
Purification of the probe and set-up of the hybridization
procedure were done as described (Bolten et al., 1998;
Egger et al., 1999). Controls included identically treated
mock-infected cells, an RNA probe of minus polarity
specific for PV type 1, Mahoney (nt 2480–3162), and an
unrelated RNA probe (HSV-1, ul42 gene, nt 441–1048
including 55 nt of vector sequence) prepared and used
as described for the HAV-specific probe. IF and FISH
preparations were viewed and photographed with epiflu-
orescence microscopes (Zeiss, Nikon).
Electron microscopy and immunocytochemistry EM.
For microscopy, cells were fixed in 2.5% glutaraldehyde
and 2% OsO4 and embedded in Poly/Bed 812 (Poly-
sciences, Warrington, PA) according to standard proto-
cols. For IEM, cells were fixed and embedded in LRGold
(London Resin Co., UK) at 220°C as described (Bienz et
al., 1987). For immunocytochemical labeling on sections,
polyclonal rabbit antiserum against HAV 2B was used
(Gosert et al., 1996) as first antibody, followed by goat
anti-rabbit antibody coupled to 15-nm gold particles (Am-
ersham) as described (Bienz and Egger, 1995).
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